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Abstract 
    The total charge changing cross sections and the partial cross sections of projectile fragment production of the fragmentation 
of silicon ions on carbon target at 800 A MeV are measured using CR-39 plastic nuclear track detector. The total charge 
changing cross section agrees well with other experimental results at different energies and the prediction of theoretical models. 
The partial cross sections are consistent with other results at close energy. The obvious even-odd effect is observed in present 
investigation. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Chen et al.(1994) mentioned that the studies of  heavy ion fragmentation on different targets at low, intermediate 
and high energies are very necessary in the fields of nuclear physics, astrophysics, radiobiology and radiotherapy, 
etc. It provides a way to understand the properties of nuclear matter under extreme conditions and the production of 
exotic nuclei. Heavy ion fragmentation is also important to understand the origin, acceleration mechanism, and 
propagation of high energy galactic cosmic rays (GCR). Heavy ions undergo fragmentation as they pass through 
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tissue. The lower-Z projectile fragments have approximately the same velocity and direction as the primary ones. It 
leads to the reduce of the maximum intensity of the original beam and an unwanted dose contribution beyond the 
Bragg peak which may damage critical organs located close to the tumour being treated.  The effect of 
fragmentation must be taken into consideration when the cancer treatment is planned. 
Experimental work on the total charge changing cross sections and partial cross sections of  28Si ions on several 
targets at energies from several hundred A MeV to several A GeV have been calculated in some earlier studies 
presented by Flesch et al.(2001), Togo et al. (2007), Zeitlin et al. (2007), Cecchini et al. (2008) and Gupta and 
Kumar (2013). Zeitlin et al. concludes in their work 2007 that significant disparities exist among the different 
measurements using carbon target, particularly in range from 765 to 1296 A MeV. 
In this paper, the total charge changing cross sections and partial cross sections for projectile fragment production 
in the interactions of 800 A MeV 28Si with carbon target sandwiched between CR-39 detectors are studied. A 
comparison of  the results were made with the experimental results of other groups and the predictions of Bradt-
Peters formula and NUCFRG2 model. 
2. Experimental details 
All stacks of carbon  target sandwiched between CR-39 detectors (HARZLAS TD-1) were exposed normally to 
800 A MeV 28Si beams at the Heavy Ion Medical Accelerator in Chiba (HIMAC) at the Japanese National Institute 
of Radiological Sciences (NIRS).  A CR-39 sheet, 5u5cm2 in area, about 0.77mm in thickness, is placed upstream 
and downstream of a targets respectively. Fig. 1 shows the sketch of the target-detector configuration for this 
experiment. The thickness of carbon target is 5 mm. 
 
 
Fig. 1. Sketch of the target-detector configuration for this experiment 
 
All detector sheets were etched in 7N NaOH solution for 15h at 70 qC. Track scanning and measurements were 
performed using the HSP-1000 microscope system and the PitFit track measurement software.  The PitFit software 
allows us to extract some geometric information, such as the position coordinates, major and minor axes and area of 
etched track spot on CR-39 surfaces. The projectile trajectories and the ones of secondary projectile fragments are 
reconstructed, method of charge identification of fragments can be found in our earlier publication by Zhang et al. 
(2013).  
3. Results and discussion 
The total charge-changing cross section of 800 A MeV 28Si ions on the carbon target was calculated by using the 
relation presented in Cecchini et al. (2008) 
    out
in
AvT
T
tot N
N
DN
A lnUV                                                                                                                                              (1) 
where  AT, UT and D are the mass number, density, and thickness of the target material, respectively. NAv is 
Avogadro's number. Nin is the number of incident 28Si ions, Nout is the number of survived 28Si ions after the target. 
Table 1 shows the result of the total experimental charge changing cross sections of 28Si on the carbon  target. For 
comparison, the data with various theoretical models and other experimental results presented by Flesch et al.(2001), 
Zeitlin et al. (2007) and Cecchini et al. (2008) are also listed in the table. We also calculated the Bradt-Peters 
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geometrical cross section for a projectile of mass number Ap on a target of mass number AT using the relation  
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where r0 and b0 were 1.31fm and 0.94, quoted from Gupta and Kumar (2013), respectively. It is found that our result 
is consistent with the other ones and the result from Bradt-Peters formula and NUCFRG2 model. And the results 
listed in table 1 do not show any obvious energy dependence. 
The partial fragmentation cross sections of the fragment with charge Z can be calculated by using the relation 
presented in Cecchini et al. (2008) 
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where foutN  is the numbers of fragments with charge Z after the target, 
p
inN  is the numbers of incident 28Si ions. 
Table 1. The total experimental charge-changing cross sections for interactions of 28Si on carbon target, and the predictions from different models. 
References Energy (A MeV) Vtot(mb) NUCFRG2 Bradt-Peters 
Zeitlin et al.(2007) 270 1131±34 1112  
Zeitlin et al.(2007) 352 1125±16 1115  
Flesch et al.(2001) 467 1136.4±12.8   
Zeitlin et al.(2007) 550 1142±16 1154  
Zeitlin et al.(2007) 765 1110±14 1196  
This work 800 1127±193*  1037 
Cecchini et al.(2008) 1000 1117±62   
Zeitlin et al.(2007) 1150 1110±16 1208  
*The uncertainty in the measurement is statistical only. 
 
The partial cross sections for projectile fragment production in interactions of 800 A MeV 28Si on carbon target 
are presented in table 2. For comparison the corresponding results presented by Flesch et al.(2001) and Zeitlin et al. 
(2007), are also presented in the table. An obvious odd-even effect is observed in the projectile fragment production 
in all interactions for the fragments with charges of Z=5,6,...,12. It is inconsistent with the expectation that the 
partial cross section for Z=13 was less than that for Z=12. This may be due to some mixing of events in the peak 
because of the statistical distributions.  
Table 2. The partial cross sections for fragment production in interactions of 28Si on carbon target. 
References Zeitlin  
et al. 
Zeitlin  
et al. 
Flesch  
et al. 
Zeitlin  
et al. 
Zeitlin  
et al. 
This 
work 
Zeitlin  
et al. 
Energy 
(A MeV) 266 344 467 560 765 800 1147 
Vpcc(Z=13) 140±7 122±4 125.3±4.7 118±3 113±3 225±19 103±3 
V pcc (Z=12) 164±8 143±4 129.5±4.8 134±3 124±3 154±15 109±4 
V pcc (Z=11) 92±4 80±3 66.7±3.4 74±2 68±2 92±12 61±2 
V pcc (Z=10) 94±5 86±3 77.1±3.5 80±2 73±2 75±11 64±2 
V pcc (Z=9) 51±3 45±2 37.8±2.4 42±1 41±1 49±9 38±2 
V pcc (Z=8) 94±8 93±6 79.4±3.5 86±5 80±5 92±12 73±5 
V pcc (Z=7) 73±6 71±5 61.5±3.1 65±4 64±4 55±9 59±5 
V pcc (Z=6) 94±8 104±7 84.6±3.6 98±6 91±5 107±13 88±7 
V pcc (Z=5)      50±9  
 
3. Conclusion 
The total charge changing cross section and the partial cross sections for 28Si ion beam on carbon target at 800 A 
MeV were measured using CR-39. It is found that our experimental result of total charge changing cross section is 
consistent with the experimental results measured by Zeitlin et al. (2007) and Cecchini et al. (2001), and the 
predictions from the theoretical models. The total charge changing cross section in this work does not show any 
obvious energy dependence. Finally, the partial cross sections show an obvious odd-even effect for the fragments 
with charges of Z=5,6,...,12 in our data sets.  
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